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ABSTRACT 


The  fracture  toughness  of  AFC-77,  a  high  strength  stainless  steel  alloy,  was  determined 
with  the  center  notch  and  single  edge  notch  fracture  toughness  specimens  at  room  temperature 
as  a  function  of  six  tempering  temperatures:  400,  700,  800,  900,  1000,  and  1100“F.  Tempering 
temperatures  above  700‘’F  produced  poor  values  of  plane  strain  fracture  toughness.  In  addition 
the  precracked  charpy  specimen  was  used  to  determine,  for  each  tempering  temperature,  the 
testing  temperature  at  which  transition  from  relatively  tough  to  relatively  brittle  behavior 
occurred.  The  optimum  properties  of  AFC- 77  were  obtained  at  the  700°F  temper.  This  was 
evident  as  a  result  of  the  analysis  of  the  room  temperature  center  notch,  single  edge  notch 
and  precrack  charpy  test  results.  The  optimum  room  temperature  properties  were  182  KSI 
yield  strength  and  65  KSI  •yin”  plane  strain  fracture  toughness. 
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SECTION  I 
INTRODUCTION 


The  purpose  of  this  investigation  was  to  study  the  effect  of  tempering  temperature  on  the 
toughness  of  AFC- 77,  This  stainless  steel  alloy  was  recently  developed  under  sponsorship 
of  the  Air  Force  Materials  Laboratory  as  a  high  strength  elevated  temperature  load-bearing 
material  for  structural  applications.  The  alloy  was  developed  by  Crucible  Steel  Company 
under  Contract  AF  33(657)-8458. 

AFC-77  is  a  low  carbon  Cr-Mo-Co  martensitic  stainless  steel  which  is  strengthened  by 
precipitation  reactions  during  tempering.  Up  to  900°F,  its  strength  depends  on  carbide 
precipitation,  and  above  1000°F  it  is  strengthened  by  precipitation  of  intermetallic  compounds 
such  as  Fe2Mo  Laves  phase  and  the  Chi  phase  (References  6  and  7).  Creep  and  stress- 
rupture  tests  previously  conducted  have  shown  it  to  be  superior  in  comparison  with  such 
alloys  as  H-11  and  PH15-7  Mo  high  strength  steels.  In  order  to  more  fully  characterize  the 
effect  of  tempering  temperature  on  the  room  temperature  properties  of  AFC- 77,  this  program 
was  initiated  in  collaboration  with  the  Metals  and  Ceramics  Division  of  the  Air  Force  Mate¬ 
rials  Laboratory, 

The  following  three  different  types  of  fracture  toughness  specimens  were  employed: 
2  X  8  X  0.090-inch  center  notch,  2  x  8  x  .090-inch  single-edge  notch,  and  0.050-inch  thick 
subsize  precracked  Charpy  specimens.  Testing  was  done  at  room  temperature  for  all  three 
types  of  specimens  and  additionally  at  elevated  temperatures  for  the  precracked  Charpy 
specimens.  Tensile  specimens  were  also  tested  at  room  and  elevated  temperatures  to  corre¬ 
late  with  the  fracture  toughness  specimen  results.  The  center  notch  specimen  was  selected 
because  of  its  greater  versatility  in  the  testing  of  sheet  materials.  When  properly  used  it 
allows  calculation  of  Kjq  and  K^,  as  well  as  a  test  value  called  notch  strength,  which  is 
sometimes  used  as  a  convenient  measure  of  the  notch  sensitivity  behavior  of  a  material. 
However,  its  versatility  is  somewhat  offset  by:  the  increased  specimen  size  needed  to  meet 
the  plane  strain  and  plane  stress  state  requirements  when  thick  sections  are  tested,  and  the 
increased  specimen  fabrication  cost  and  testing  machine  capacity  requirements.  The  single 
edge  notch  specimen  was  chosen  because  it  allows  a  smaller  specimen  for  plane  strain 
(Kjq)  fracture  toughness  determination.  The  Kj^  results  obtained  from  the  single  edge  notch 
specimen  are  considered  to  be  slightly  more  accurate  than  those  obtained  with  the  center 
notch  specimen,  because  it  develops  basically  a  plane  strain  state  of  stress.  In  this  investi¬ 
gation,  the  single  edge  notch  results  were  used  to  check  the  center  notch  Kj^  results  as  well 
as  to  furnish  additional  plane  strain  fracture  data. 

Previous  investigators  have  found  the  precracked  Charpy  specimen  to  be  good  for  screening 
a  large  number  of  variables  such  as  chemistry,  heat  treatment,  and  processing.  In  this 
investigation  it  was  used  to  measure  the  transition  behavior  for  various  tempering  temper¬ 
atures  and  to  see  how  well  the  results  correlated  with  the  center  notch  and  single  edge  notch 
specimens.  Among  the  advantages  of  this  specimen  are  its  low  material  requirements,  low 
cost,  and  ease  of  data  interpretation.  In  this  program,  the  precracked  Charpy  specimen  proved 
its  value  as  a  screening  test  yielding  good  qualitative  material  transition  temperature  behavior 
information  at  low  overall  cost.  No  attempt  has  been  made  in  this  program  to  apply  any  of 
the  schemes  for  quantitatively  correlating  the  precracked  Charpy  results  with  either  G„  or 
Gj^,  such  as  EG^  -  E(W/A)^k2, 

Where 

2 

E  =  the  modulus  of  elasticity  of  the  material  under  test  in  (lb/ in.  ) 

2 

G(^  =  the  strain  energy  released  per  unit  surface  area  in  (in.-lb)/in. 
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2 

(W/A)  =  the  work  done  per  unit  surface  area  in  (in.-lb)/in. 

2  r~. — 

K„  =  the  plane  stress  fracture  toughness  in  (lb/ in.  )  v  in. 

The  Gc,  (W/A)  and  K(^  terms  in  practical  terminology  are  the  resistance  to  fracture  of  a 
structural  material. 


SECTION  II 
MATERIAL 


The  AFC- 77  Material  tested  in  this  program  was  processed  from  an  air- induction  melted 
15-ton  heat  of  material.  The  heat  (No.  46073)  had  the  following  chemical  analysis: 


c 

Mn 

P 

s 

Si 

Ni 

Cr 

V 

0.  15 

0.  10 

0.  01 

0.  008 

0.  07 

0.  08 

14.  22 

0.  30 

Mo 

Cu 

A1 

Co 

N 

Fe 

4.62 

0.  07 

0.  03 

12.93 

0.  03 

Bal 

The  material  was  processed  as  follows: 

Press  forged  from  10  x  18-inch  ingots  to  4-1/2  by  18-inch  slabs.  The  slabs  were  then  hot 
rolled  to  5/8  by  18-inch  sheet  bars  which  in  turn  were  hot  rolled  to  30  x  96  x  .090- inch,  and 
36  X  96  X  .050- inch  sheet.  Prior  to  shipping,  the  sheets  were  annealed  at  2000°F,  A.C., 
500°F  +  2  hr,  pickled  and  stretch-leveled.  As  received,  the  material  had  stringers  of  free 
delta  ferrite  (Figure  1),  which  were  not  completely  removed  by  heat  treatment.  Presently 
the  effect  of  delta  ferrite  on  the  fracture  properties  is  not  known  in  detail. 
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SECTION  III 

MATERIAL  HEAT  TREATMENT 


The  material  was  sheared  into  blanks,  rough  machined  and  heat  treated  as  follows:  1900“^ 
for  1  hour,  oil  quenched,  -110°F  for  1/2  hour  and  tempered  for  2+2  hours  at  tempering 
temperatures  from  400  to  llOO^F  at  lOO^F  intervals  after  the  700°F  temper.  These  specimen 
blanks  were  grouped  according  to  tempering  temperature. 


As-Received 
1000  X 


Tempered  at  700“  F 
1000  X 

Figure  1.  Micro  structure  of  As-Received  and  Heat  Treated  AFC-77, 50  mil  Sheet 
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SECTION  IV 
SPECIMENS 


TENSILE  SPECIMEN 

The  tensile  specimen  is  shown  in  Figure  2a 
CENTER  NOTCH  SPECIMENS 

The  specimens  were  a  nominal  2  inch  x  8  inch  x  .090  inch  with  a  fatigue  cracked  center 
notch,  A  specimen  drawir^  is  shown  in  Figure  2b  also.  The  following  steps  were  followed 
when  preparing  specimens: 

1.  Sheared  to  2  x  8- inch  blanks 

2.  Drilled  5/8- inch  diameter  pin  holes 

3.  Heat  treated  as  mentioned  previously 

4.  Surface  ground 

5.  Eloxed  the  center  notch 

6.  Fatigue  cracked  to  1/3  of  the  width  (W) 

7.  Heat  tinted 


It  was  observed  that  machining  of  the  center  notch  after  heat  treating  was  extremely 
difficult. 

Eloxing  is  expensive  and  is  usually  time-consuming.  Also,  fatigue  cracks  put  in  the  speci¬ 
mens  after  heat  treatment  are  difficult  to  control  when  the  material  has  low  fracture  resis¬ 
tance.  This  difficulty  was  experienced  and  crack  lengths  of  as  low  as  1/4  W  were  necessary 
for  some  specimens,  but  did  not  appear  to  affect  the  test  results.  Other  investigators  (Refer¬ 
ence  1)  have  observed  a  slight  difference  in  Kjq  results  between  fatigue  cracking  before 
versus  after  heat  treatment,  with  the  former  technique  apparently  yielding  higher  results. 
Therefore,  in  spite  of  the  aforementioned  difficulties,  fatigue  cracking  before  heat  treatment 
should  be  done  only  as  a  last  resort  because  of  the  possibility  of  inducing  metallurgical 
changes. 

The  center  notch  specimens  were  tempered  at  400,  700,  800,  900,  1000,  and  1100°F  and 
tested  in  both  sheet  directions. 

SINGLE-EDGE  NOTCH  (SEN) 

The  SEN  specimen  was  a  2  x  8  x  ,090- inch,  W/2  type  with  a  fatigue  cracked  flaw.  Material 
supply  precluded  a  complete  series  of  specimens,  but  enough  tests  were  run  to  compare  with 
the  results  of  the  center  notch  tests.  The  test  specimens  were  prepared  according  to  the 
specimen  drawing  shown  in  Figure  2c  in  the  same  way  as  the  center  notch  specimens  were. 
A  few  1  X  4  X  .090- inch  SEN  specimens  were  tried,  but  problems  occurred  in  fatigue  cracking 
the  specimens  in  tens  ion- tens  ion.  Most  of  the  specimens  were  so  brittle  they  failed  in  the 
pinholes  during  fatigue  cracking.  Fatigue  cracking  the  specimens  as  beams  in  bending  would 
have  been  attempted,  but  the  number  of  specimens  remaining  was  so  small  as  to  preclude 
further  effort  on  toe  1  x  4- inch  SEN  specimens. 
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Figure  2.  Test  Specimens 
All  dimensions  specified  are  in  inches. 
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PRECRACKED  CHARPY 

About  350  Charpy  specimens  of  standard  dimensions  except  for  thickness  as  shown  in 
Figure  3  were  prepared  from  .050  sheet.  They  were  sheared  into  blanks  and  heat  treated  in 
batches  with  the  center  notch  and  single-edge  notch  specimens.  After  heat  treating  they  were 
surface  ground  to  remove  possible  surface  contamination.  The  notches  were  ground  in  batches 
of  about  40  specimens  using  a  commercially  available  grinding  fixture.  After  machining  in  the 
notches,  the  specimens  were  fatigue  cracked  to  a  depth  of  roughly  .030  inch  and  a  total  crack 
depth  of  roughly  .110  inches.  This  was  done  using  a  commercially  available  Manlabs,  Inc.* 
unit  as  shown  in  Figure  4.  This  unit  was  designed  for  the  purpose  of  fatigue  cracking  Charpy 
specimens.  The  machine  controls  the  crack  depth  by  monitoring  the  change  in  compliance 
as  the  crack  grows.  Again,  as  with  the  other  specimens,  most  of  the  specimens  required 
heat-tinting  to  delineate  the  fatigue  crack. 


+  .001 


i 

2.165  - 

/ 

\ 

+  .002 


—.050 

^  1^.001 

t 

315 

* 

.394" 

1 

i  - 

t 


(MAX  ) 


Figure  3.  Subsize  Precracked  Charpy  Test  Specimen 

All  dimensions  specified  are  in  inches. 

*  Trade  Name 
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SECTION  V 

TEST  PROCEDURES 


TENSILE  TESTS 

Tensile  tests  were  run  using  50  mil,  2- inch  gage  length  sheet  specimens  to  give  correlation 
data  for  the  fracture  toughness  tests. 

These  tests  were  made  at  75,  200,  300,  400,  550  and  650°F  on  the  Wiedemann  FGT  tensile 
testing  machine  shown  in  Figure  5,  using  the  procedures  recommended  in  the  tentative  ASTM 
specifications  E8-61T  and  E21-58T. 

Elevated  temperature  tests  were  made  in  a  Marshall  3- zone  furnace,  also  shown  in  Figure  5, 
with  a  thermocouple  on  both  ends  and  the  center  of  the  gage  length. 

CENTER  NOTCH  TESTS 

The  specimens  were  tested  to  failure  using  a  test  set-up  similar  to  the  one  shown  in  Fig¬ 
ure  6.  A  loading  rate  less  than  50  KSI/minute  on  the  uncracked  section  was  used.  Crack 
growth  was  followed  with  a  Boyle’s  type  compliance  gage  as  shown  in  Figure  7.  Also,  an 
acoustical  probe  was  inserted  in  the  notch  as  shown  in  detail  in  Figure  7.  The  operator  lis¬ 
tened  for  an  acoustical  pop- in  with  earphones  shown  in  Figure  6  and  recorded  the  load  value 
at  which  it  was  heard  on  the  load- compliance  recorder.  Although  the  specimens  were  rel¬ 
atively  thin  gage,  compliance  and  acoustical  popins  occurred  on  most  of  the  specimens.  This 
was  probably  because  most  of  the  specimens  were  quite  brittle.  Acoustical  pop- ins  were  not 
used  for  Kjq  calculations,  they  only  served  to  provide  a  check  on  the  compliance  gage  record 
and  to  substantiate  whether  a  pop-in  did  indeed  occur. 

SINGLE- EDGE  NOTCH  TESTS 

The  specimens  were  tested  on  the  Instron  TTC  test  machine  shown  in  Figure  8  using  a 
strain  gage  beam,  as  shown  attached  to  specimen  in  Figure  8,  to  sense  the  compliance  change. 
The  gage  has  a  span  of  1.750  inches  and  is  fastened  to  the  edge  of  the  specimen  using  milled 
V- notches.  The  beam  is  used  with  the  Instron  strain  gage  preamplifier.  The  specimens  were 
tested  at  a  cross-head  rate  of  .02  in./min.  After  testing  the  original  fatigue  crack  length  was 
measured  with  a  toolmakers  microscope  to  an  accuracy  of  .001  inches.  All  testing  was  done 
at  room  temperature. 

PRECRACKED  CHARPY  TESTS 

The  specimens  were  tested  in  a  commercially  available  Manlabs  24  ft-lb  impact  machine, 
as  shown  in  Figure  9.  The  machine  has  an  accuracy  of  ±  .01  ft- lbs  at  the  low  end  of  the  scale. 

The  standard  test  temperatures  were  75,  210,  550  and  650°F.  After  the  general  transition 
pattern  was  obtained,  tests  at  temperatures  between  these  values  were  run  to  define  the  curve. 

Thermocouples  were  spot  welded  to  the  surface  of  the  specimen  to  accurately  monitor  the 
test  temperature.  The  specimens  were  heated  above  the  test  temperature  and  allowed  to  cool 
under  continuous  monitoring  to  the  test  temperature  while  on  the  anvil  in  position.  This  was 
done  to  try  to  decrease  scatter  caused  by  test  temperature  variations. 

Following  the  testing,  the  fatigue  crack  depth  was  measured  with  a  toolmakers  microscope. 
Lement  et.  al.,  (Reference  1)  suggest  a  correction  factor  of  l/cos 20  (W/ A)  for  specimens 
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that  crack  at  an  angle;  Q  is  the  angle  between  the  depth  direction  and  the  fracture  direction. 
Theta  is  small,  therefore  cos^d<  1  and  l/cos20  >i.  So  our  reported  values,  not  corrected 
for  angle  fractxires,  are  conservative.  In  our  testing,  about  10  percent  of  the  specimens 
broke  at  an  angle.  This  percentage  was  low  because  the  specimens  were  accurately  positioned 
on  the  anvil.  In  general,  the  angular  fractured  specimens  had  W/A  values  in  excess 
of  2000  in.-lb/in,2.  This  was  considered  adequate  toughness. 


» 

1 

• 

Figure  4.  Precrack  Charpy  Specimens  Fatigue  Machine 
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Figure  5.  Elevated  Temperature  Tensile  Test  Set-up 
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Figure  6.  Center  Notch  Fracture  Toughness  Test  Set-up 
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Figure  7,  Detail  View  of  Fracture  Toughness  Test  Set-up 
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(a)  Test  Machine 


(b)  Single  Edge  Notch  Specimen  and  Compliance  Gage 
Figure  8.  Single  Edge  Notch  Fracture  Toughness  Test  Set-up 
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Figure  9.  Precrack  Charpy  Impact  Testing  Fracture  Toughness  Machine 
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SECTION  VI 
RESULTS 


TENSILE  TESTS 

The  results  of  the  tensile  tests  are  shown  in  Table  L  The  yield  strength  generally  increases 
with  increasing  tempering  temperatures  with  maximum  values  of  yield  strength  occurring 
with  the  900  and  1000“F  tempers  for  room  temperature  tests.  This  behavior  is  normal  for 
AFC-77  and  is  not  surprising  in  view  of  the  varied  and  complex  precipitation  reactions 
occurring  at  the  different  tempering  temperatures  involved.  As  expected,  it  decreases  with 
increasing  test  temperature  from  75  to  650° F. 

The  ultimate  strength  gain  at  75° F  test  temperature  for  the  700  to  1100°F  tempering 
temperature  range  was  approximately  30  KSI.  At  the  650°F  test  temperature  for  the  same 
temper  range,  the  ultimate  strength  gain  as  shown  by  the  data  in  Table  I  was  only  3  KSL 
The  400,  700,  800  and  900°F  tempers  reach  a  minimum  value  and  rebound,  but  this  is  most 
probably  typical  tensile  data  scatter. 

No  pattern  was  evident  when  comparing  longitudinal  to  transverse  yield  strength  values. 
The  differences  were  largest  at  room  temperature  and  decreased  to  amounts  which  could 
well  be  data  scatter  at  550  and  650°F  test  temperatures.  Therefore,  the  values  reported  in 
Table  I  are  averages  for  both  directions. 

Elongation  values  are  listed  in  Table  II,  The  consistent  trend  is  for  the  data  to  decrease 
with  increasing  test  temperature  and  tempering  temperature.  The  reasons  for  the  former 
trend  are  obscure  at  the  present  time  from  a  metallurgical  point  of  view. 

CENTER  NOTCH 

The  center  notch  fracture  toughness  test  data  is  listed  in  Table  in.  The  computer  program 
previously  described  in  AFML-TR- 65-214  (Reference  8)  was  used  to  make  the  calculations. 
The  program,  very  briefly,  calculates  K  (uncorrected  and  corrected  for  plastic  zone  effects), 
gross  and  net  stress,  net  stress  to  yield  strength  ratio  (so-called  notch  strength),  and  plastic 
zone  size.  All  three  features  of  the  program  were  utilized  in  this  investigation.  For  a  partic¬ 
ular  test,  the  first  line  is  and  the  second  is  Kp  data;  obviously,  K^p  is  always  the  lower 
of  the  two  values. 

The  effect  of  higher  tempering  temperatures  on  the  fracture  toughness  behavior  of  AFC-77 
is  obvious  by  looking  at  the  nominal  ratios  in  the  Table.  This  ratio,  also  called  the  notch 
strength  ratio,  is  Pjjjg^jj/B(W-2aQ)/ay  where  B  is  the  thickness  and  2ao  is  the  original  crack 
length.  For  tempers  above  800°F  it  drops  from  1/3  to  1/5  of  its  value  of  ~  1.0  at  400  and 
700°F  tempering  temperatures.  The  corresponding  K  values  of  the  specimens  tempered  at 
800°F  and  above  are  very  low.  In  fact,  the  pop-in  load  was  often  either  very  close  to  or  was 
the  maximum  load.  Actually,  the  specimens  often  failed  completely  without  any  deviation  from 
linearity.  With  the  more  brittle  tempers  (800°F  and  above),  those  few  specimens  whose  Kjq 
was  calculated  using  the  load  at  deviation  from  linearity  yielded  data  which  was  indistinguish¬ 
able  from  the  Kj^’s  calculated  from  the  load  at  pop-in. 

SINGLE-EDGE  NOTCH  (SEN) 

The  data  for  the  SEN  tests  are  listed  in  Table  IV.  On  the  low  toughness  specimens,  800°F 
temper  and  above,  the  fatigue  crack  length  was  kept  between  1/4W  and  1/3 W  because  control 
was  lost  as  the  fatigue  crack  approached  the  recommended  1/3W  length.  Other  investigators 
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(References  2  and  3)  have  demonstrated  that  Kjq  values  are  not  affected  by  a/W  in  this  range 
of  1/3  to  1/4  provided  that  the  proper  equation  is  used  for  the  calculation  of  Kj^.  The 
calculations  were  based  on  Srawley’s  compliance  calibration  (Reference  4): 


where 


W 


f  (  0/  W  ) 


a 


load 
B  •  W 


and  “a”  is 
erence  3): 


the  total  crack  length.  The  actual  equation  used  for  calculation  of  was  (Ref- 


2 


P 


7.  59(a/W)-32(a/W)^+ll7(a/W)^ 


which  is  simply  a  closed  approximate  expression  which  fits  the  curve  generated  by  the  above 
expression  for  0.25<a/W>0.40. 

The  average  Kjq  values  of  the  SEN  tests  correlated  extremely  well  with  the  center  notch 
tests  for  all  of  the  tempering  temperatures. 

PRE-CRACKED  CHARPY 

Tables  V  to  VIII  list  the  W/A  values  for  the  four  standard  test  temperatures:  room  temper¬ 
ature,  210‘’F,  550°F  and  650°F. 

2 

At  room  temperature,  W/A  shows  a  steady  decline  from  2100  in,-lb/in.  longitudinally  for 
the  400°F  temper  to  1500  in.-lb/in,2  for  a  700“  temper.  Then,  for  both  directions,  the  data 
drop  off  to  an  average  of  150  in.-lb/in.2  for  the  800  to  1100“F  temper  conditions.  In  general, 
the  longitudinal  specimens  had  higher  fracture  resistance  than  the  transverse  ones,  but  the 
effect  was  not  quantitatively  consistent.  In  a  few  cases,  however,  the  difference  was  extremely 
great.  These  differences  usually  occurred  at  temperatures  near  the  ductile-to-brittle- transition 
temperature. 

At  210“F  test  temperature  an  unusual  and  unexplainable  situation  arose  with  respect  to  the 
transition  temperature.  The  transition  temperature  as  shown  in  Table  IX  for  the  longitudinal 
direction  of  the  800,  1000,  and  1100“F  tempers  was  exceeded  in  the  precrack  Charpy  test  as 
shown  in  Table  VI,  but  not  for  the  900“F  temper  condition.  As  a  consequence,  the  precrack 
Charpy  fracture  resistance  for  800,  1000,  1100“F  tempers  were  higher  than  the  900“F  temper. 
Conversely,  in  the  transverse  direction  only  those  tempers  up  through  the  800“F  temper 
regained  toeir  fracture  resist^ce,  as  comparedwith  1000  and  1100°F  tempers  for  longitudinal 
results  in  Table  VI.  For  the  higher  tempering  temperatures,  the  W/A  values  increased  only 
slightly  above  900“F  temperature  for  210“F  test  temperature  for  the  transverse  specimens. 

At  the  550“F  test  temperature  all  tempers  had  good  fracture  resistance.  The  average  values 
increased,  as  expected,  from  the  210°F  tests.  However,  from  550  to  650“ F  the  W/ A  values 
started  to  decrease.  From  the  550  and  650“F  tests,  the  longitudinal  values  were  higher  than 
the  transverse. 

Ductile-to-Brittle-Transition- Temperature  curves  are  presented  in  Figures  10  to  17  for 
those  tempers  with  transition  temperature  at  or  above  room  temperature.  All  numbers  in  the 
legend  box  on  Figures  10  through  17  indicate  the  number  of  specimens  tested  for  each  asso¬ 
ciated  data  point.  The  vertical  lines  perpendicular  to  short  horizontal  lines  on  each  curve 
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show  maximum  and  minimum  W/ A  values  for  appropriate  data  point.  Examination  of  these 
graphs  shows  that  the  transition  temperature  increases  with  increasing  tempering  temper¬ 
ature.  For  AFC-77  the  rate  of  change  of  slope  in  the  steep  slope  region  of  the  transition 
range  is  high  as  well  as  the  data  scatter.  To  arrive  at  a  transition  temperature,  the  criterion 
was  adopted  wherein  the  transition  temperature  is  the  temperature  at  which  1/2  of  the 
average  600°F  W/ A  value  was  reached.  The  600‘’Ftest  temperature  on  the  abscissa  was  chosen 
because  all  of  the  curves  (Figures  10  through  17)  level  out  by  then.  This  is  an  arbitrary 
method,  but  the  standard  size  Charpy  criteria  of  10-15  ft- lbs  were  too  high  to  be  applicable 
to  this  t3TJe  of  test.  The  results,  as  a  consequence  of  using  the  above  criterion,  are  summa¬ 
rized  in  Table  IX, 


16 


AFML-TR-66-120 


SECTION  VII 
DISCUSSION 


Previous  test  programs  have  shown  a  marked  reduction  in  standard  Charpy  V-notch  impact 
values  for  tempers  of  850°F  and  above,  thus  qualitatively  indicating  a  decrease  in  toughness. 
These  findings  were  quantitatively  substantiated  by  the  fracture  toughness  results  of  this 
program  as  summarized  in  Figure  18,  which  is  a  compendium  of  all  the  Kj^  values  generated. 
Since  the  single  edge  notch  and  center  notch  specimens  yielded  comparable  values,  results 
from  both  are  included  in  the  average  values  shown  in  Figure  18.  Inspection  of  Figure  18 
indicates  that  there  seems  to  be  no  essential  difference  in  Kj(3  between  the  400  and  700°F 
tempers,  the  difference  being  well  under  5  percent  for  both  directions.  The  900,  1000,  and 
1100°F  tempers  exhibit  the  same  general  behavior  with  the  exception  of  transverse  specimens 
tempered  at  1000°F,  which  are  similar  to  the  results  from  the  longitudinal  specimens  tempered 
at  1000°F  and  must  therefore  be  regarded  with  a  certain  degree  of  suspicion. 

On  the  basis  of  room  temperature  tensile  and  percent  elongation  data  (Tables  I  and  II 
respectively)  the  details  of  the  above  fracture  toughness  behavior  are  not  entirely  predictable. 
For  instance,  longitudinal  specimens  tempered  at  900°F  exhibited  the  highest  percent  elongation 
of  any  of  the  tempers,  as  well  as  the  highest  room  temperature  yield  strength.  Also,  there  is 
essentially  no  difference  in  yield  strength  between  the  800  and  1100°F  tempers,  although  the 
differences  in  ultimate  tensile  strength  are  rather  significant,  with  the  1100°F  temper  giving 
270  KSI  versus  240  KSI  for  the  800°F  temper.  Since  the  percent  elongation  is  lower  for  the 
1100°F  temper,  it  would  appear  that  the  strain  hardening  exponent  is  greater  for  this  tempering 
temperature  than  for  800°F.  Obviously  with  AFC -7 7,  attempts  to  “guestimate”  relative  values 
of  fracture  toughness  on  the  basis  of  ordinary  tensile  properties  would  meet  with  dismal 
failure  as  analysis  of  the  data  indicates. 

Comparison  of  Table  V  with  Figure  18  shows  that  the  precracked  Charpy  specimen  results, 
qualitatively  demonstrate  the  dramatic  drop  in  fracture  resistance  as  the  tempering  temper¬ 
ature  is  raised  from  700  to  900°F.  This  is  also  quantitatively  shown  by  the  center  notch  and 
single  edge  notch  specimen  results.  This  fact  points  up  rather  convincingly  the  value  of  the 
precracked  Charpy  specimen  as  a  quick,  economical  screening  test,  but  it  also  helps  to 
demonstrate  the  need  for  the  more  quantitative  type  of  fracture  toughness  test  in  design. 


The  influence  of  the  thickness  to  the  plastic  zone  on  resultant  values  has  been 
discussed  in  Reference  5.  Note  that  (Table  III)  for  the  400°F  and  700°F  tempers  (-^)  was 
roughly  4  while  the  net  section  stress  to  yield  stress  ratio  never  exceeded  0.54.  At  the  more 
brittle  tempers,  (-^)  ranged  between  20  and  40  while  the  net  stress  to  yield  strength  ratio 
was  roughly  0.20.  Other  investigatiors  (Reference  5)  have  suggested  that  for  steels  ] 
should  be  at  least  8  for  distinct  pop-in  occurrence.  At  the  400  and  700‘’F  tempers,  several 
distinct  pop-ins  occurred  with  the  ^  of  roughly  4.  Those  specimens  which  did  not  exhibit 
a  distinct  pop-in  yielded  readily  interpretable  deviations  from  linearity,  from  which 
values  where  calculated  which  agreed  nicely  with  those  determined  from  pop-in. 


To  recapitulate,  this  investigation  was  concerned  with  after  rolling  and  subsequent  specific 
heat  treatment  (1900°F  austenitizing  treatment  for  1  hour,  oil  quenched,  -110°F  for  1/2  hour 
and  followed  by  various  tempering  temperatures  for  2  +  2  hours) ,  the  effect  of  tempering 
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temperature  and  which  one  seems  to  be  the  most  promising.  It  is  possible  that  a  different 
prior  treatment  would  give  increased  toughness  with  the  desirable  higher  yield  strength  level. 


SECTION  VIII 
CONCLUSIONS 


The  room  temperaturepropertiesof  AFC-77  (austenitized  at  1900°F  for  1  hour,  oil  quenched, 
refrigerated  at  -110°F  for  1/2  hour,  and  tempered  for  2  +  2  hours  from  400  to  1100°F)  show 
that  optimum  results  as  determined  by  this  program  were  obtained  with  the  700°F  temper. 
The  optimum  properties  were  182  KSI  yield  strength  and  65  KSI  plane  strain  fracture 
toughness.  The  room  temperature  fracture  properties  at  the  900,  1000,  and  1100°F  tempers 
were  too  low  to  contemplate  the  use  of  this  material  at  heat  treatment  specified  for  high 
strength  applications  where  fracture  resistance  is  important  at  low  temperatures.  For 
elevated  temperature  applications,  the  fracture  resistance  is  much  improved  as  shown  from 
the  analysis  of  the  Charpy  results  in  this  report.  For  elevated  temperature  applications,  of 
which  AFC-77  was  developed,  it  has  several  desirable  properties  such  as  good  tensile  strength 
retention,  attractive  creep  and  stress  rupture  properties,  excellent  oxidation  and  corrosion 
resistance. 
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TABLE  I 

AFC- 7 7  TENSILE  DATA 


Tempering  Temperature 
in  °F 

Test  Temperature  in 

°F 

75 

200 

300 

400 

550 

650 

400 

*174 

162 

171 

169 

•  •  — 

**235 

229 

230 

236 

— 

— 

700 

182 

167 

174 

159 

157 

143 

235 

225 

227 

229 

234 

235 

800 

190 

180 

179 

170 

171 

166 

240 

234 

232 

232 

237 

241 

900 

212 

193 

201 

188 

177 

172 

255 

247 

242 

235 

237 

241 

1000 

209 

208 

208 

202 

198 

192 

265 

257 

247 

244 

240 

240 

1100 

191 

190 

192 

196 

197 

191 

270 

262 

256 

249 

241 

238 

*Yield  Strength  in  KSI 
**Tensile  Strength  in  KSI 


TABLE  II 


AFC- 7 7  PERCENT  ELONGATION  DATA 


Tempering 

Temperature 
in  OF 

Test  Temperature  (° 

F) 

75 

200 

300 

400 

550 

650 

400  L 

9.1 

8.5 

— 

— 

— 

— 

T 

— 

— 

6.2 

6.8 

— 

— 

700  L 

7.8 

7.8 

6.7 

6.5 

6.0 

— 

T 

— 

6.8 

— 

— 

— 

8.6 

800  L 

7.5 

7.4 

— 

7.0 

6.3 

6. 1 

T 

— 

— 

7.3 

— 

— 

— 

900  L 

9.5 

9.2 

8.0 

7.4 

6.2 

— 

T 

— 

— 

5.8 

— 

7.0 

— 

1000  L 

7.2 

7.8 

7.4 

6.0 

— 

4.5 

T 

— 

— 

— 

— 

5.3 

4.9 

1100  L 

6.1 

6.0 

5.0 

6.0 

5.0 

5.3 

T 

— 

7.4 

— 

6.3 

6.3 

— 

NOTE:  All  Data  for  a  2-Inch  Gage  Length. 

L  =  Longitudinal  Specimen 
T  =  Transverse  Specimen 
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CENTER  NOTCH  FRACTURE  TOUGHNESS  DATA  FOR  AFC  -  77 
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First  line  is  K,.  and  second  line  is  K 


CENTER  NOTCH  FRACTURE  TOUGHNESS  DATA  FOR  AFC  -  11 
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TABLE  IV 

SINGLE  EDGE  NOTCH  FRACTURE  TOUGHNESS  DATA 


Temper  & 
Direction 

2 

a 

o 

(in.) 

Width 

(in.) 

Thickness 

(in.) 

^C 

Kips 

^IC 

KSI  v4n. 

Obtained 

by 

400 

L 

.712 

1.927 

.087 

3.52 

62.6 

Deviation 

400 

T 

.623 

1.926 

.086 

4.95 

74.4 

Deviation 

.624 

1.926 

.085 

3.00 

45.8 

Deviation 

700 

L 

.653 

1.927 

.087 

4.21 

66.8 

Deviation 

.629 

1.927 

.087 

4.44 

67.1 

Deviation 

700 

T 

.609 

1.923 

.086 

2.72 

39.8 

Pop-in 

.621 

1.927 

.086 

4.70 

70.4 

Deviation 

800 

L 

.592 

1.932 

.086 

3.05 

43.0 

Pop-in 

.577 

1.933 

.087 

3.0 

40.4 

Maximum  Load 

.693 

1.931 

.086 

2.75 

47.2 

Pop-in 

800 

T 

.598 

1.932 

.085 

2.92 

41.9 

Pop-in 

.602 

1.932 

.087 

2.35 

33.4 

Pop-in 

900 

L 

.628 

1.931 

.088 

2.13 

31.4 

Pop-in 

.604 

1.931 

.086 

2.00 

29.0 

Pop-in 

.588 

1.931 

.087 

1.94 

26.7 

Pop-in 

900 

T 

.544 

1.932 

.087 

1.85 

23.3 

Pop-in 

.577 

1.932 

.086 

1.80 

24.5 

Deviation 

1000 

L 

.529 

1.931 

.086 

2.08 

25.7 

Pop-in 

.587 

1.931 

.085 

2.12 

30.0 

Maximum  Load 

.506 

1.932 

.085 

2.18 

26.1 

Pop-in 

1000 

T 

.606 

1.931 

.086 

2.24 

32.5 

Pop-in 

.604 

1.931 

.086 

1.88 

27.0 

Pop-in 

1100 

L 

.526 

1100 

L 

.526 

1.931 

.087 

2.16 

26.5 

Pop-in 

*  (Poisson's  ratio  utilized  to  calculate 
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TABLE  V 


in. -lb 

(W/A)  IN  ~  ^  AT  ROOM  TEMPERATURE 

in.  ^ 


Tempering  Temperature  in  °F 

400 

500 

600 

700 

800 

900 

1000 

1100 

Longitudinal* 

2500 

1800 

1725 

1800 

175 

125 

250 

100 

2050 

1800 

1800 

1350 

300 

100 

175 

100 

2025 

1850 

1625 

1875 

275 

75 

100 

125 

2000 

1800 

1625 

1325 

250 

100 

300 

125 

Avg 

2150 

1800 

1675 

1575 

250 

100 

200 

100 

Transverse 

1925 

1500 

1625 

1600 

150 

75 

50 

100 

1625 

1700 

1500 

1050 

100 

100 

75 

100 

2375 

1925 

1725 

1200 

75 

150 

50 

75 

2500 

1475 

1850 

1125 

100 

100 

50 

50 

Avg 

2100 

1650 

1675 

1250 

100 

100 

50 

75 

*  Major  axis  is  parallel  to  the  rolling  direction 


TABLE  VI 


(W/A)  IN  -  AT  210  F 

in .  ^ 


Tempering  Tempera 

ture  in  F 

400 

500 

600 

700 

800 

900 

1000 

1100 

Longitudinal 

2000 

2150 

1850 

1525 

1600 

225 

1325 

1050 

2650 

1825 

2250 

1800 

1875 

350 

925 

975 

2125 

2400 

1775 

1725 

1725 

150 

1425 

1075 

2150 

1550 

2000 

1800 

1300 

275 

1150 

975 

Avg 

2225 

1975 

2000 

1700 

1625 

250 

1200 

1025 

Transverse 

2175 

2125 

1750 

1150 

1500 

175 

75 

175 

1750 

1775 

925 

1900 

1100 

210 

125 

125 

1625 

1625 

1700 

1550 

1375 

— 

100 

150 

2000 

1875 

1800 

1525 

— 

— 

175 

175 

Avg 

1900 

1850 

1550 

1525 

1325 

200 

125 

150 
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TABLE  VII 


in. -lb 

(W/A)  IN  ^  AT  550°F 


Tempering  Temperature  in 

600 

700 

800 

900 

1000 

1100 

Longitudinal 

2100 

1525 

1725 

2050 

1400 

1350 

1825 

2025 

1800 

1700 

1600 

1800 

1700 

1675 

1800 

1800 

1625 

1275 

1700 

2300 

2350 

— 

1575 

1375 

Avg 

1825 

1875 

1925 

1850 

1550 

1425 

Transverse 

1675 

2200 

1275 

1800 

1400 

1025 

1675 

2100 

1975 

1500 

1475 

1025 

1625 

2000 

1500 

1725 

1550 

950 

— 

1675 

1450 

1650 

1725 

1025 

Avg 

1650 

1875 

1550 

1675 

1525 

1025 

TABLE  VIII 


(W/A)  IN 


in. -lb 


AT  650°F 


Tempering  Temperature 

700 

800 

900 

1000 

1100 

Longitudinal 

1725 

1525 

1600 

1125 

1225 

1725 

2075 

1875 

1500 

1300 

1475 

1625 

1675 

1450 

1300 

2125 

1900 

1650 

1450 

1175 

Avg 

1700 

1700 

1700 

1375 

1250 

Transverse 

1550 

1650 

_ 

1800 

1225 

1525 

1450 

— 

1350 

900 

1500 

1550 

— 

1425 

1300 

1450 

1850 

— 

1400 

950 

Avg 

1500 

1625 

— 

1500 

1100 
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TABLE  IX 

TRANSITION  TEMPERATURES 


Temper  and  Direction 

Approximate  Transition 
Temperature  in  F 

Based  upon  a  W/A* 

Value  of: 

800  Longitudinal 

155 

925 

800  Transverse 

180 

800 

900  Longitudinal 

235 

900 

900  Transverse 

275 

800 

1000  Longitudinal 

160 

750 

1000  Transverse 

300 

750 

1100  Longitudinal 

190 

650 

1100  Transverse 

300 

525 

Other  subzero  tests  for  longitudinal  specimens  have  shown  that  the 
transition  temperature  for  a  400°F  temper  is  below  -11°F,  that  of  500°F 
is  around  -110°F,  and  a  600°F  temper  has  a  transition  temperature  between 
-110°F  and  room  temperature. 

2 

*  All  W/A  values  are  in  in.-lb/in. 
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APPENDIX  II:  CURVES 
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Figure  10,  800“  F  Temper  Longitudinal  Specimens  Ductile -to-Brittle- Transition- 

Temperature  Curve 
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Figure  11.  800°  F  Temper  Transverse  Specimens  Ductile-to-Brittle-Transition- 

Temperature  Curve 
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Figure  12,  900°  F  Temper  Longitudinal  Specimens  Ductile-to-Brittle-Transition- 

Temperature  Curve 
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900°  F  Temper  Transverse  Specimens  Ductile-to-Brittle-Transition- 
Temperature  Curve 
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Figure  14.  1000°  F  Temper  Longitudinal  Specimens  Ductile-to-Brittle -Transition- 

Temperature  Curve 


34 


W/A 


AFML-TR-66-120 


Figure  15.  1000°  F  Temper  Transverse  Specimens  Ductile-to-Brittle-Transition- 

Temperature  Curve 
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Figure  16.  110(f  F  Temper  Longitudinal  Specimens  Ductile-to-Brittle-Transition- 

Temperature  Curve 
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Figure  17. 


110(f  F  Temper  Transverse  Specimens  Ductile-to-Brittle-Transition- 
Temperature  Curve 


in  KSI 
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Figure  18.  Variation  of  Kj(^  With  Tempering  Temperatures 
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